Patel D, Alhawaj R, Wolin MS. Exposure of mice to chronic hypoxia attenuates pulmonary arterial contractile responses to acute hypoxia by increases in extracellular hydrogen peroxide. Am J Physiol Regul Integr Comp Physiol 307: R426 -R433, 2014. First published June 15, 2014 doi:10.1152/ajpregu.00257.2013.-Exposing mice to a chronic hypoxic treatment (10% oxygen, 21 days) that promotes pulmonary hypertension was observed to attenuate the pulmonary vasoconstriction response to acute hypoxia (HPV) both in vivo and in isolated pulmonary arteries. Since catalase restored the HPV response in isolated arteries, it appeared to be attenuated by extracellular hydrogen peroxide. Chronic hypoxia promoted the detection of elevated lung superoxide, extracellular peroxide, extracellular SOD expression, and protein kinase G (PKG) activation [based on PKG dimerization and vasodilator-stimulated phosphoprotein (VASP) phosphorylation], suggesting increased generation of extracellular peroxide and PKG activation may contribute to the suppression of HPV. Aorta from mice exposed to 21 days of hypoxia also showed evidence for extracellular hydrogen peroxide, suppressing the relaxation response to acute hypoxia. Peroxide appeared to partially suppress contractions to phenylephrine used in the study of in vitro hypoxic responses. Treatment of mice with the heme precursor ␦-aminolevulinic acid (ALA; 50 mg·kg Ϫ1 ·day Ϫ1 ) during exposure to chronic hypoxia was examined as a pulmonary hypertension therapy because it could potentially activate beneficial cGMP-mediated effects through promoting a prolonged protoporphyrin IX (PpIX)-elicited activation of soluble guanylate cyclase. ALA attenuated pulmonary hypertension, increases in both superoxide and peroxide, and the suppression of in vitro and in vivo HPV responses. ALA generated prolonged detectible increases in PpIX and PKG-associated phosphorylation of VASP, suggesting PKG activation may contribute to suppression of pulmonary hypertension and prevention of alterations in extracellular peroxide that appear to be attenuating HPV responses caused by chronic hypoxia. aminolevulinic acid; hypoxic pulmonary vasoconstriction; protein kinase G; pulmonary hypertension CHRONIC HYPOXIA IS KNOWN to contribute to the development of pulmonary hypertension in humans with chronic obstructive pulmonary disease (7), and intermittent hypoxia associated with sleep apnea promotes both pulmonary and systemic hypertension (9). A loss of the hypoxic pulmonary vasoconstriction (HPV) response which maintains ventilation to perfusion ratios is seen in humans with chronic obstructive pulmonary disease (COPD) and in pulmonary arteries isolated from these individuals (25). Studies in animal models of chronic hypoxia have provided evidence for processes that are associated with increased generation of reactive oxygen species (ROS) from sources, including various Nox oxidases participating in the progression of hypoxia-induced pulmonary hypertension development (10, 12, 13, 15, 19, 21, 23). Previous studies in pulmonary arteries isolated from mice exposed to 21 days of hypoxia have detected an increased predominantly extracellular superoxide-mediated enhancement of vasoconstriction in arteries precontracted with agents, such as serotonin, which further increase superoxide generation (19). Rho kinase activation may participate in this action of superoxide (4). On the basis of studies in mice deficient in Nox2, this source of superoxide generation appears to be essential for both the development of pulmonary hypertension caused by exposure to chronic hypoxia and the increased extracellular superoxide seen in pulmonary arteries isolated from these animals (19). While less is known about the effects of chronic hypoxia on systemic vascular function, there is a report in rat mesenteric arteries, suggesting it depressed phenylephrine-induced contraction by a process that appears to be influenced by intracellular catalase activity (27). Chronic hypoxia has been reported to initially increase the expression of extracellular SOD (ecSOD) in lungs of mice after 1 day, and decreased ecSOD was detected after 35 days of chronic hypoxia (23). In addition, this study also demonstrated that mice with increased ecSOD expression were protected from the development of pulmonary hypertension on exposure to chronic hypoxia. While it is logical to assume hydrogen peroxide levels are altered by chronic hypoxia as a result of changes in ROS generation and the expression of SOD enzymes, minimal consideration has been given to the possibility that extracellular peroxide can influence vascular function in animals exposed to chronic hypoxia. Thus, this study focused on examining the hypothesis that exposure of mice to chronic hypoxia can alter vascular responses, such as HPV through increased extracellular peroxide generation under conditions that promote pulmonary hypertension.
CHRONIC HYPOXIA IS KNOWN to contribute to the development of pulmonary hypertension in humans with chronic obstructive pulmonary disease (7) , and intermittent hypoxia associated with sleep apnea promotes both pulmonary and systemic hypertension (9) . A loss of the hypoxic pulmonary vasoconstriction (HPV) response which maintains ventilation to perfusion ratios is seen in humans with chronic obstructive pulmonary disease (COPD) and in pulmonary arteries isolated from these individuals (25) . Studies in animal models of chronic hypoxia have provided evidence for processes that are associated with increased generation of reactive oxygen species (ROS) from sources, including various Nox oxidases participating in the progression of hypoxia-induced pulmonary hypertension development (10, 12, 13, 15, 19, 21, 23) . Previous studies in pulmonary arteries isolated from mice exposed to 21 days of hypoxia have detected an increased predominantly extracellular superoxide-mediated enhancement of vasoconstriction in arteries precontracted with agents, such as serotonin, which further increase superoxide generation (19) . Rho kinase activation may participate in this action of superoxide (4) . On the basis of studies in mice deficient in Nox2, this source of superoxide generation appears to be essential for both the development of pulmonary hypertension caused by exposure to chronic hypoxia and the increased extracellular superoxide seen in pulmonary arteries isolated from these animals (19) . While less is known about the effects of chronic hypoxia on systemic vascular function, there is a report in rat mesenteric arteries, suggesting it depressed phenylephrine-induced contraction by a process that appears to be influenced by intracellular catalase activity (27) . Chronic hypoxia has been reported to initially increase the expression of extracellular SOD (ecSOD) in lungs of mice after 1 day, and decreased ecSOD was detected after 35 days of chronic hypoxia (23) . In addition, this study also demonstrated that mice with increased ecSOD expression were protected from the development of pulmonary hypertension on exposure to chronic hypoxia. While it is logical to assume hydrogen peroxide levels are altered by chronic hypoxia as a result of changes in ROS generation and the expression of SOD enzymes, minimal consideration has been given to the possibility that extracellular peroxide can influence vascular function in animals exposed to chronic hypoxia. Thus, this study focused on examining the hypothesis that exposure of mice to chronic hypoxia can alter vascular responses, such as HPV through increased extracellular peroxide generation under conditions that promote pulmonary hypertension.
Our laboratory recently detected evidence for the HPV response in isolated bovine pulmonary arteries being very sensitive to inhibition by increased extracellular peroxide that resulted from promoting an elevated expression of ecSOD (2) . In this study, we employed the 21-day exposure of mice to chronic hypoxia (10% O 2 ) model of pulmonary hypertension development (24) to examine the origins of a novel observation that pulmonary arteries isolated from these animals showed an attenuation of their contractile response to acute hypoxia, which are restored in the presence of the peroxide scavenger catalase. The response of the aorta to acute hypoxia from the mice studied was also examined to detect whether chronic hypoxia influenced vascular function through increasing extracellular peroxide in a systemic vascular segment. Because our laboratory has been studying the origins of how a chronic treatment of mice with the heme biosynthesis precursor ␦-aminolevulinic acid (ALA) prevents the development of pulmonary hypertension (3), we examined whether treating mice with ALA during the 21-day period of exposure to hypoxia influenced changes caused by chronic hypoxia. We are interested in ALA since it can activate pulmonary vascular soluble guanylate cyclase (sGC) by promoting the accumulation of protoporphyrin IX (PpIX, 20) and because pharmacological activators of sGC that mimic the actions of PpIX (24) have been found to protect against pulmonary hypertension (11) . Studies in lung slices were conducted to detect changes caused by chronic hypoxia on the levels of superoxide, extracellular peroxide, ecSOD expression, peroxide stimulation of a thiol oxidation-mediated dimerization of protein kinase G (PKG). Measurements of lung PpIX and increased PKG activity (based on its phosphorylation of VASP) were used to confirm that the in vivo treatment with ALA maintained the increases in these systems that were observed in previous studies exposing isolated pulmonary arteries to 1 day of organoid culture with ALA (20) . Doppler flow echocardiography measurements of an indicator of pulmonary arterial pressure changes (28) were used to examine the effects of chronic hypoxia and ALA treatments on the acute in vivo hypoxic pulmonary vasoconstriction response elicited by acute exposure to 10% oxygen and to characterize the influence of these chronic treatments on the development of pulmonary hypertension.
MATERIALS AND METHODS

Materials.
All salts used for making physiological solutions were analyzed reagent grade from Baker Chemical. All gases were purchased from Tech Air (White Plains, NY). H 2O2, ALA, and maleimide were obtained from Sigma Chemical (St. Louis, MO). cGMPdependent protein kinase 1␣ (PKG 1␣) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). ␤-actin antibody was purchased from Sigma Chemical. ecSOD antibody was purchased from Upstate (Millipore, Billerica, MA). Vasodilator-stimulated phosphoprotein (VASP) and total-VASP antibodies were purchased from Cell Signaling (Beverly, MA).
Animal handling and exposure to chronic hypoxia. Male C57BL/6J mice (8 -10 wk) were purchased from Jackson Laboratories (Bar Harbor, ME). All animal protocols were approved by the Institutional Animal Care and Use Committee at New York Medical College. Mice were either exposed to normoxic (21% O 2) or to normobaric hypoxic (10% O2) conditions for 21 days with or without ALA (50 mg·kg Ϫ1 ·day Ϫ1 ) in a hypoxic in vivo cabinet (Coy Laboratories, Grass Lake, MI) setup for measuring oxygen and recording timedependent changes. ALA treatment was performed by adding ALA into the drinking water for 21 days. After 21 days, pulmonary arteries and aorta were isolated from each mouse after they were anesthetized with 50 mg/kg pentobarbital.
Detection of changes in pulmonary artery pressure by Doppler flow. Transthoracic echocardiography (Vevo 770; Visual Sonics, Toronto, Ontario, Canada) was performed at the end of the 21-day protocol on mice, which were under light anesthesia, through a constant flow of isoflurane, using methods previously described (28) . The pulmonary acceleration time-to-ejection time (PAT/ET) ratio was used to quantify relative changes in pulmonary arterial pressure, and this method was calibrated under a variety of conditions by direct measurements of right ventricular systolic pressure. After obtaining a baseline measurement with the mouse breathing room air, an acute hypoxic pulmonary vasoconstriction response was elicited by having the animal breathe 10% oxygen for a 6-min period, and responses at 2 min of exposure to hypoxia were evaluated and reported in the RESULTS.
Tissue preparation from mice. Pulmonary arteries and the aorta were carefully isolated from each mouse in ice-cold buffer and maintained in cold Krebs-bicarbonate buffer until they were mounted for the experiment. After isolation of tissues, small rings were prepared from each aorta and pulmonary artery (ϳ180 m internal diameter). These vascular segments were used for vascular reactivity studies.
Measurement of vascular reactivity in mouse pulmonary arteries and aorta. Freshly prepared pulmonary arterial and aortic rings were used for studies measuring changes in isometric force, conducted initially under an atmosphere of 21% O 2 and 5% CO2 in Krebsbicarbonate buffer at 37°C. Pulmonary arterial rings were mounted on Danish Myograph Technology wire myographs, and aortic rings were mounted on World Precision Instruments force displacement transducers. Powerlab data acquisition systems from ADInstruments were used for the recording of time-dependent changes in force. Pulmonary rings and aortic rings were incubated at optimized passive tensions of 0.5 g and 2 g, respectively, for 1 h in Krebs-bicarbonate buffer containing 118 mM NaCl, 4.7 mM KCl, 1.5 mM CaCl2, 25 mM NaHCO 3, 1.1 mM MgSO4, 1.2 mM KH2PO4, and 5.6 mM glucose gassed with 21% O 2-5% CO2-74% N2 to maintain a pH of 7.4. Following this 1 h of incubation, the rings were depolarized with 123 mM KCl containing Krebs-bicarbonate buffer, and the rings were again reequilibrated with normal Krebs-bicarbonate buffer for another 30 min before being exposed to the protocols used in the RESULTS 
section.
Western blot analysis. PKG dimer expression was detected in mouse lung tissue by running a Western blot under a proteindenaturing condition, as published previously by our laboratory (22) . Changes in thiol-redox were avoided in all samples by adding 100 mM malemide during sample preparation. Relative changes in PKG1␣ monomer and dimer forms are reported as the percent of the total PKG1␣. Changes in PKG1␣ monomer and dimer expression were quantified after normalization to ␤-actin, and phosphorylated VASP was normalized to total VASP. Total PKG levels and VASP levels were not altered as a result of chronic hypoxic treatment. The molecular masses of the PKG monomer and dimer are 75 and 150 kDa, respectively. ecSOD expression was also detected in mouse lung tissue. Molecular weight of ecSOD is 45 kDa. The molecular weight of phosphorylated VASP and total VASP is 50 kDa.
Measurement of protoporphyrin IX fluorescence. Protoporphyrin IX fluorescence from lung tissue was determined by a previously published method used by our laboratory (20) . Increases in protoporphyrin IX fluorescence were measured using an excitation wavelength of 485 Ϯ 20 and emission of 620 Ϯ 40 nm in lung tissues of control and ALA-treated mice. Lung tissues were placed on the bottom of the ϳ6-mm diameter wells of a sterile 96-well microplate with 200 l of Krebs containing 10 mM HEPES buffer (pH 7.4). Protoporphyrin IX fluorescence was measured from the bottom surface of the plate using BIOTEK fluorescent microplate reader (model FLx800i), as published previously (20) . Data are reported in the arbitrary fluorescence units measured (AU) after subtraction of the low levels of background fluorescence observed in the absence of lung tissue.
Superoxide and peroxide measurement using chemiluminescence. As published previously by our laboratory (2), changes in superoxide were measured from quantifying the chemiluminescence of 5 M lucigenin in a liquid scintillation counter (LS6000IC; Beckman Instruments, San Diego, CA) with a single active photomultiplier tube in a dark room. Initial background chemiluminescence was measured in plastic scintillation minivials containing 5 M lucigenin in 1 ml of Krebs solution buffered with 10 mM HEPESNaOH (pH 7.4) in the absence of tissue. This measurement was subtracted from subsequent measurements made in the presence of lung tissue. The tissue was weighed at the end of the experiment, and the counts were divided by weight to give the readings in counts per minute per gram of tissue. Peroxide released from lung tissue was detected by substituting 10 M luminol and 1 nM horseradish peroxidase for lucigenin in the chemiluminescence methods (2) used for superoxide.
RESULTS
Exposure of mice to 21 days of hypoxia promotes pulmonary hypertension and an attenuation of the in vivo HPV response.
The PAT/ET ratio obtained from Doppler flow measurements with heart rates maintained at ϳ500 beats/min was used to detect changes in pulmonary arterial pressure elicited by the 21-day exposure to hypoxia. Data in Fig. 1 indicate this treatment significantly decreases the PAT/ET ratio. Calibration of these measurements based on right ventricular systolic pressure as an indicator of pulmonary arterial pressure suggested that pulmonary arterial pressure increased from 19.0 mmHg to 31.8 mmHg as a result of the exposure to 21 days of hypoxia. Data in Fig. 1 also show that an acute exposure to 10% oxygen elicited a decrease in PAT/ET ratios consistent with a HPV response increasing in pulmonary artery systolic pressure by 6.1 mmHg. The acute exposure to hypoxia did not appear to elicit a HPV response in mice exposed to 21 days of hypoxia.
Treatment of mice with ALA prevents pulmonary hypertension development and the loss of HPV caused by exposure of mice to 21 days of hypoxia. The PAT/ET ratio data in Fig. 1 show that a 21-day treatment with ALA did not significantly alter pulmonary arterial pressure (20.0 mmHg) or the increase in pressure caused by acute hypoxia (7.1 mmHg). In contrast, treatment with ALA during the 21-day period of exposure to hypoxia resulted in an estimated pressure of 22.8 mmHg, suggesting ALA prevented the increased pulmonary arterial pressure caused by the chronic hypoxic exposure, and it restored the increase in pressure elicited by acute hypoxia (5.7 mmHg). Thus, the ALA treatment used prevented both the development of pulmonary hypertension and loss of HPV elicited by 21 days of exposure to hypoxia.
ALA increases protoporphyrin IX fluorescence and promotes activation of soluble guanylate cyclase based on increased PKG-mediated phosphorylation of VASP. Lung tissues from 21-day ALA-treated mice were used to determine whether changes in protoporphyrin IX (PpIX) fluorescence could be detected. The 21-day treatment with ALA caused an increase in PpIX fluorescence ( Fig. 2A) . Western blotting was used to detect changes in PKG activation based on phosphorylation of the serine-239 site on VASP (18) . The 21-day treatment with ALA also caused an increase in VASP phosphorylation associated with activation of PKG (Fig. 2B) , suggesting the detected increase in PpIX was stimulating cGMP generation by sGC. Chronic hypoxia increases superoxide and peroxide levels, while ALA treatment during chronic hypoxia reduces superoxide and peroxide levels. Lung tissue from chronic hypoxic mice showed an increase in the detection of superoxide (Fig.  2C ) and extracellular peroxide (Fig. 2D) . ALA treatment restored the detection of superoxide (Fig. 2C) and peroxide (Fig.  2D ) in lung tissue from mice exposed to chronic hypoxia to the levels seen in control mice exposed to 21 days of normoxia in the absence or presence of ALA.
Expression of PKG dimer, phosphorylated VASP and ec-SOD was increased in 21-day chronic hypoxic mouse lung tissue. Lung tissue from mice exposed to 21 days of normoxia and hypoxia were used to examine the effect of chronic hypoxia on PKG dimerization (Fig. 3A) , VASP phosphorylation (Fig. 3B) and ecSOD expression (Fig. 3C ) because peroxide can stimulate pulmonary vasodilation through activation of PKG by dimerization (5, 22) and because ecSOD promotes extracellular peroxide generation (2). Lungs from 21-day hypoxic mice showed both increased PKG dimerization, PKGassociated VASP phosphorylation, and increased expression of ecSOD.
Exposure of mice to 21 days of hypoxia elicits in isolated pulmonary arteries a peroxide-mediated attenuation of the HPV contractile response. When contracted with 10 nM phenylephrine, pulmonary arteries from 21-day hypoxic mice showed inhibition of the contraction (Fig. 4A) . These same pulmonary arteries when treated with 1 M catalase for 15 min before the addition of 10 nM phenylephrine showed an improved contraction to phenylephrine, suggesting extracellular peroxide had a role in suppressing force generation. Catalase did not alter contractions to 10 nM phenylephrine in pulmonary arteries from mice exposed to 21 days of normoxic conditions. Pulmonary arteries were precontracted with 10 nM phenylephrine (PE) under aerobic conditions and then were exposed to acute hypoxia by changing the gassing in the myograph chambers from 21% O 2 , 5% CO 2 , and 74% N 2 to 5% CO 2 and 95% N 2 (PO 2 ϳ8 -10 Torr) for 20 min to elicit an in vitro HPV-type response. Pulmonary arteries isolated from 21-day hypoxic mice showed attenuation of the HPV response when they were exposed to acute hypoxia (Fig. 4B) . Catalase (1 M) had a significant effect on restoring the impairment of contraction to acute hypoxia seen in pulmonary arteries (Fig. 3B) . Pulmonary arteries from both groups showed a comparable level of contraction to 100 nM phenylephrine [21-day normoxia ϭ 0.17 Ϯ Treatment of mice with ALA restores the HPV response in pulmonary arteries, which was attenuated by exposure to 21 days of hypoxia. Pulmonary arteries isolated from mice simultaneously treated with hypoxia and ALA showed an attenuation of the inhibition of contraction to 10 nM phenylephrine that was seen in pulmonary arteries isolated from mice treated with hypoxia for 21 days in the absence of ALA (Fig. 4A) . Pulmonary arteries isolated from mice treated with ALA during the exposure to 21 days of chronic hypoxia also showed a restoration of the attenuated contraction to acute hypoxia seen in mice exposed to 21 days of hypoxia in the absence of ALA (Fig. 4B) . On the other hand, 1 M of catalase treatment did not significantly improve the contraction to acute hypoxia in pulmonary arteries isolated from mice exposed to 21 days of hypoxia together with ALA (Fig. 4B) .
Exposure of mice to 21 days of hypoxia elicits a peroxidemediated attenuation of the aortic relaxation response to acute hypoxia. Aortas from hypoxic mice contracted with 100 nM phenylephrine (PE) showed a lower level of force generation compared with the 21-day normoxic control aortas (Fig. 5A ). When incubated with 1 M catalase for 15 min before contraction, there was restoration of PE contraction in the hypoxic mouse. Aortas from mice exposed for 21 days to normoxic and hypoxic conditions were precontracted with 100 nM PE under aerobic conditions and then were exposed to acute hypoxia by changing the gassing in the tissue baths from 21% O 2 , 5% CO 2 , and 74% N 2 to 5% CO 2 and 95% N 2 (PO 2 ϳ8 -10 Torr) for 20 min. Aorta isolated from mice exposed to normoxic conditions relaxed on exposure to acute hypoxia. However, aorta isolated from hypoxic mice showed a complete attenuation of relaxation when they were exposed to acute hypoxia (See Fig. 5B ). Note that aortas isolated from the 21-day aerobic control mice showed a 43 Ϯ 5% relaxation of the 100 nM phenylephrine force on exposure to acute hypoxia, and aortas isolated from the 21-day hypoxic mice actually showed a small contraction (Ϫ24 Ϯ 10% relaxation) to acute hypoxia. Acute treatment with catalase had a significant effect in reversing the attenuation of the relaxation to acute hypoxia seen in aortas isolated from chronic hypoxia-exposed mice (Fig. 5B) . Aortas from both groups showed a comparable level of contraction to 123 mM KCl [21 day normoxia ϭ 0.37 Ϯ 0.03; 21 day hypoxia ϭ 0.38 Ϯ 0.04 (n ϭ 12)], suggesting that contractions to phenylephrine appeared to be more sensitive to inhibition by extracellular peroxide. While catalase appeared to cause an increase in force in the normoxic control animal aortas in a manner that was not statistically significant ( Fig. 5A , P ϭ 0.22), this trend might be related to previous documentation of peroxide-associated endothelium-derived hyperpolarizing factor responses in this vascular segment (6) .
Treatment of mice with ALA does not restore in the isolated aorta the relaxation response elicited by acute hypoxia that was attenuated by exposure of mice to 21 days of hypoxia. Aorta isolated from mice simultaneously treated with ALA and chronic hypoxia showed a similar attenuation of the contraction to 100 nM phenylephrine, as seen in 21-day hypoxic mouse aorta (Fig. 5A ). In addition, aorta from mice treated with both ALA and chronic hypoxia showed a similar attenuation of the relaxation to hypoxia that was observed in aorta isolated from mice treated with chronic hypoxia in the absence of ALA (Fig. 5B) , suggesting that treatment with ALA was not pre- venting alterations in aortic responses caused by chronic hypoxia. While 1 M catalase treatment appeared to improve these attenuated responses in 21-day ALA-treated hypoxic mouse aorta (Fig. 5B) , the effects of catalase were not statistically significant.
DISCUSSION
The present study identified evidence for 21 days of chronic hypoxia causing an extracellular hydrogen peroxide-mediated marked suppression of the acute contractile response of pulmonary arteries to hypoxia based on a reversal of these effects by catalase. Peroxide also inhibited contraction to lower, but not higher levels of force generation by phenylephrine. This was associated with detection of elevated levels of superoxide, extracellular peroxide, ecSOD, and PKG activation by thiol oxidation-mediated subunit dimerization associated with increased VASP phosphorylation at the PKG site in lung tissue. These observations are consistent with the model shown in Fig. 6 , illustrating how increased generation of superoxide and its conversion by enzymes, such as ecSOD, to levels of extracellular peroxide that could activate PKG were potentially contributing to the catalase-attenuated suppression of contraction to hypoxia and phenylephrine. Interestingly, the heme biosynthetic precursor ALA attenuated the detection of increases in both superoxide and peroxide, and the peroxide-associated suppression of contraction to both phenylephrine and acute exposure to hypoxia. ALA generated detectable increases in PpIX, an activator of sGC (16, 20) , and it increased PKGassociated phosphorylation of VASP. Since pharmacological activators of sGC, which bind at the PpIX site (26), attenuate and/or reverse pulmonary hypertension development (11), activation of PKG by increased cGMP and the inhibition of pulmonary hypertension could be a prominent factor in how ALA is potentially preventing increases in superoxide and/or peroxide generation that caused the observed alterations in vascular function, resulting from the 21 days of exposure to hypoxia.
Catalase did not alter contraction to phenylephrine or responses to hypoxia in pulmonary arteries from mice, which were not exposed to hypoxia, suggesting that extracellular peroxide is not normally present in amounts that influence these responses. Although aortas from control mice not ex- posed to chronic hypoxia may show some evidence of peroxide-suppressing contraction to phenylephrine, it did not alter the relaxation response to hypoxia in vitro. While there is much evidence for chronic hypoxia-generating increases in ROS, there has been minimal consideration in previous studies for chronic hypoxia suppressing vascular contractile function or acute responses to hypoxia by increasing the generation of hydrogen peroxide.
In the present study, we observed that ecSOD remained elevated after 21 days of hypoxia, and this was associated with the detection of increased superoxide and extracellular peroxide in lung tissue. These observations are consistent with both an increased generation of superoxide and its conversion by SOD enzymes to extracellular peroxide. Recent studies from our laboratory suggest that increased ecSOD activity causes attenuation of the acute contraction of isolated bovine pulmonary arteries to hypoxia through a mechanism that appears to involve the conversion of a secreted source of superoxide that seems to be derived from Nox2 oxidase (1, 29) into levels of extracellular hydrogen peroxide that suppressed the HPV response (2). Since increased ecSOD was observed in lung tissue from mice exposed to 21 days of hypoxia, it could be a contributing factor in generating levels of peroxide that suppress HPV. Our previous studies have also detected evidence for peroxide functioning to attenuate the relaxation of bovine coronary arteries to hypoxia through stimulating an ERK MAP kinase-mediated force enhancing mechanism (14) . On the basis of the restoration of the attenuated relaxation to acute hypoxia by catalase observed in aorta from mice exposed to 21 days of hypoxia, increased extracellular peroxide appeared to be the cause of the attenuation of this response. Thus, exposure of mice to 21 days of hypoxia appears to suppress contraction to phenylephrine and responses to acute hypoxia by elevating the levels of extracellular peroxide in both the pulmonary and systemic vasculature. However, other factors, such as the generation of vasoconstrictor levels of superoxide from elevated levels of pulmonary hypertension mediators, such as serotonin, endothelin, and prostaglandins (e.g., prostaglandin H 2 and thromboxane A 2 ) may also be important in the in vivo expression of pulmonary hypertension (19) . In addition, the remodeling effects of changes in ROS could dominate over potential beneficial vasodilator effects of increased peroxide.
We investigated whether increased extracellular peroxide under chronic hypoxia alters PKG dimerization as PKG plays an important role in vascular relaxation activated by peroxide and other mechanisms (5, 18, 22) . The detected increase in PKG dimerization caused by 21-day exposure of mice to hypoxia was also associated with an increase in PKG activity based on the detection of increased VASP phosphorylation. Overexpression of ecSOD in knock-in mice, or in animals with lung-targeted transfection methods, and perhaps as a result of increased heme oxygenase expression (2, 8) , prevents and/or reverses the development of pulmonary hypertension caused by chronic hypoxia or monocrotaline (17, 23) , suggesting that upregulation of ecSOD has beneficial effects in chronic hypoxic tissue. These observations together with our data suggest that chronic hypoxia elevates extracellular peroxide in a manner that could be hypothesized to function as a protective feedback mechanism to attenuate pulmonary arterial contraction to vasoconstrictors and hypoxia. Fig. 1 and our ongoing recent studies suggest that ALA prevents the hypoxia-induced pulmonary hypertension in the chronic hypoxic mouse model (3) . As shown in Fig. 2, A and B, 21-day ALA treatment leads to the generation of PpIX, which can promote activation of sGC/PKG (16, 20) . However, data in Figs. 1 and 4A did not detect evidence in the absence of chronic hypoxia for the prolonged treatment with ALA promoting decreases in pulmonary arterial pressure or a depression of contraction in pulmonary arteries or aortas. A prominent effect of treating mice with ALA during the 21-day period of hypoxia was improving pulmonary artery contractile function associated with an attenuation of peroxide generation and its suppression of both contraction to 10 nM phenylephrine and the acute HPV response. ALA appeared also to function by attenuating the increases in superoxide caused by exposure to 21 days of hypoxia, and this could potentially have beneficial effects, such as preventing Rho kinase activation (4). Interestingly, the ALA treatment did not appear to reverse the effects of chronic hypoxia in the aorta, suggesting some of its pulmonary associated actions on processes elicited by chronic hypoxia may be linked to it preventing the development of pulmonary hypertension. Although the level of systemic hypoxia was not measured in the current study, any changes elicited by treatment with ALA did not influence the functional changes in aortic reactivity caused by exposure to chronic hypoxia. Because it appears that cGMP-mediated activation of PKG seems to be beneficial in preventing the development and promoting reversal of pulmonary hypertension (11) , the stimulation of PKG by peroxide may also function as a beneficial mechanism in pulmonary hypertension. However, the high sensitivity of the HPV response to impairment by extracellular peroxide may limit the beneficial nature of vasodilator effects of extracellular peroxide. In addition, other mechanisms activated by peroxide may contribute to the progression of hypoxia-associated disease processes.
Data in
Perspectives and Significance
Diseases exposing lungs to chronic hypoxia such as chronic obstructive pulmonary disease are known to both contribute to the development of pulmonary hypertension in humans (7) and to be associated with a loss of the HPV response, which maintains ventilation to perfusion ratios (25) . The results of this study detected evidence that increased extracellular hydrogen peroxide could be a factor in how chronic hypoxia can promote an impairment of HPV under conditions where pulmonary hypertension develops. Data in this study also provided evidence for how treatment with the amino acid ALA used for the biosynthesis of heme and stimulation of cGMP by PpIX could function to prevent the development of both hypoxia-induced pulmonary hypertension and the extracellular peroxide-associated impairment of HPV. These studies raise new questions in areas, such as determining whether the vasodilator and/or PKG-activating actions of extracellular peroxide are beneficial in preventing the development of pulmonary hypertension or do these processes contribute to enhancing hypoxemia by impairing gas exchange in diseases such as COPD? If the actions of extracellular peroxide contribute to disease progression, therapeutic approaches could also be developed on the basis of enhancing the scavenging of this source of peroxide.
